Murine gammaherpesvirus-68 (MHV-68
Introduction
Murine gammaherpesvirus-68 (MHV-68) is a virus of wild rodents (Blaskovic et al., 1980) that is related genetically to herpesvirus saimiri (HVS) and the human pathogens EpsteinBarr virus (EBV) and human herpesvirus-8 (HHV-8 ; also known as Kaposi's sarcoma-associated herpesvirus) Mackett et al., 1997 ; Virgin et al., 1997 ; . Intranasal infection of laboratory mice with MHV-68 results in acute replication in the lung followed by latent infection in splenic B lymphocytes (Sunil-Chandra et al., 1992 b ; Usherwood et al., 1996 b) . However, viral DNA has been reported to persist in an as yet unidentified cell type of the lungs (Usherwood et al., 1996 b) and, following intraperitoneal infection of mice deficient of mature B cells, latency in the spleen has been reported (Weck et al., 1996) . Latent infection in lymphoid tissue is characterized by the ability to reactivate virus in the absence of detectable infectious virus or viral antigen using conventional infectious centre assays (SunilAuthor for correspondence : J. Pedro Simas.
Fax j44 1223 336926. e-mail jps!mole.bio.cam.ac.uk . In addition, it has recently been demonstrated that a series of eight viral tRNA-like molecules (vtRNAs), which are transcribed during lytic infection, are also abundantly transcribed within splenic germinal centres (GCs) of latently infected mice, therefore constituting a marker for latent infection (Bowden et al., 1997) in a manner similar to the EBERs of EBV (Arrand & Rymo, 1982 ; Tugwood et al., 1987) . The function of these vtRNAs is at present unknown, though vtRNAs 1-4 can be deleted from the virus genome without affecting the ability of the virus to establish, and to reactivate from, latency in vivo .
The identification of viral gene products expressed during the establishment and maintenance of latency is important in understanding how gammaherpesviruses establish latent infections in lymphocytes and evade host immune mechanisms. In an attempt to identify virus-encoded latency-associated genes, we have analysed the pattern of MHV-68 transcription in the persistently infected lymphoblastoid S11 cell line . This analysis was complemented by the screening of sections from latently infected spleens by in situ hybridization for transcription of a number of MHV-68 open reading 0001-5804 # 1999 SGM HF frames (ORFs), including all unique ORFs and cellular gene homologues, using the vtRNAs as a marker for latent infection. S11 is a murine cell line of B-cell origin derived from a lymphoma of a persistently infected mouse, and is latently infected, containing an average of 40 MHV-68 genome copies per cell . A small proportion (2-4 %) of S11 cells undergo spontaneous lytic replication, resulting in the production of infectious virus, which can be eliminated by treatment with the nucleoside analogue 2h-deoxy-5-ethyl-β-4h-thiouridine (4h-S-EtdU, Rahim et al., 1996) . Treated cultures remain latently infected, however, as shown by the increased ratio of episomal genomes to linear genomes and the ability to reactivate virus by using infectious centre assays . Using this cell line under 4h-S-EtdU treatment, we have identified abundant and preferential transcription of the M3 gene. It is significant that this was the only ORF for which transcription could be detected by in situ hybridization in the spleens of latently infected mice early during the establishment of latency. The kinetics and pattern of M3 transcription were different from those observed for the vtRNAs, however, indicating that M3 expression may be important for the establishment of latent infection.
Methods
Virus, cells and mice. Viruses were grown and assayed on BHK-21 cells. MHV-68 virions were purified by Ficoll 400 (Sigma) gradient centrifugation. BHK-21 cells were grown in Glasgow modified Eagle's medium (GMEM) supplemented with 10 % newborn calf serum and 10 % tryptose phosphate broth. NS0 cells (Kohler & Milstein, 1976) were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10 % foetal calf serum (FCS). S11 cells were cultured in RPMI medium plus 10 % FCS. The nucleoside analogue 4h-SEtdU (Rahim et al., 1996) was added to S11 cultures at 1 µg\ml as appropriate. Female BALB\c mice, 3-4 weeks of age (Harlan), were inoculated intranasally under the effect of light metophane anaesthesia with 4i10& p.f.u. MHV-68 in a volume of 20 µl PBS. At different timepoints after infection, mice were killed by intraperitoneal injection of sodium pentobarbitone, and lungs and spleens were dissected out, fixed in 10 % buffered formalin solution and paraffin-embedded.
PCR cloning. MHV-68 genomic DNA was extracted from Ficollgradient-purified virions by digestion overnight at 37 mC with 50 µg\ml proteinase K in 10 mM Tris-HCl, pH 8n0, 50 mM EDTA, 0n5 % SDS, phenol-chloroform extraction and ethanol precipitation. PCR primer pairs were designed to amplify the following MHV-68 ORFs (coordinates are from Virgin et al., 1997 Virgin et al., ) : M1, 1981 Virgin et al., -2001 M3, 6059-6079 and 7288-7308 ; M4, 8416-8436 and 9733-9794 ; ORF4, 9876-9898 and 11029-11053 ; K3, 24733-24759 and 25355-25380 ; M5, 26161-26183 and 26702-26724 ; M6, 26253-26275 and 26710-267321 ; M8, 75985-76007 and 76451-76473 ; M9, 93960-93982 and 94483-94505 ; ORF72, 102450-102474 and 103184-103208 ; M11, 103496-103518 and 103992-104014 ; ORF73, 103888-103910 and 104894-104916 ; ORF74, 104846-104868 and 106053-106075 ; and M12\13, 117974-117998 and 118142-118166 . PCR was carried out with Taq polymerase (Perkin-Elmer) according to the manufacturer's instructions using 10 ng MHV-68 genomic DNA as template. PCR fragments were cloned into pCR2.1 or pCRII (Invitrogen) according to the manufacturer's specifications. All PCR clones were checked by sequencing using the CircumVent thermal cycle dideoxy DNA sequencing kit (New England Biolabs). Attempts to clone M10abc and M14 by PCR were unsuccessful, probably due to the high % GjC content of this genomic region. For this reason, the BamHI-M restriction fragment, which includes M10abc, and the PstI 1n2 kbp restriction fragment, which covers the terminal repeat and includes M14, were subcloned into pGEM-3Z (Promega).
RNA extraction. Cytoplasmic RNA was extracted essentially as described by Ausubel et al. (1997) . Briefly, BHK cells, NS0 cells or S11 cells were harvested and washed in ice cold PBS. Cytoplasmic membranes were lysed on ice for 1 min in 0n1 M NaCl, 0n01 M Tris-HCl, pH 7n5, 1 mM EDTA and 0n5 % NP40 and intact nuclei were removed by centrifugation. SDS was then added to 1 % and RNA was purified by phenol-chloroform extraction and ethanol precipitation. mRNA was then isolated from cytoplasmic RNA by using the PolyATtract I system (Promega) according to the manufacturer's instructions.
cDNA synthesis. For cDNA synthesis, 100 ng mRNA was used in a total reaction volume of 50 µl containing 0n5 mM each of dATP, dGTP and dTTP, 0n05 mM dCTP, 12n5 µCi [α-$#P]dCTP, 1i PCR buffer II, 5 mM MgCl # , 2n5 µM random hexamers, 20 U RNase inhibitor and 50 U MoMuLV reverse transcriptase (Perkin-Elmer). Reactions were performed for 30 min at 42 mC.
Southern hybridization. A number of MHV-68 recombinant plasmids, from an MHV-68 restriction fragment library (Efstathiou et al., 1990 b) , were blotted onto positively charged nylon membranes (Boehringer Mannheim). Radiolabelled cDNA probes were hybridized overnight at 65 mC in 4i SSC, 3i Denhardt's solution, 0n5 % SDS, 0n2 mg\ml sonicated salmon sperm DNA, 0n01 M phosphate buffer and 10 % dextran sulphate. Membranes were washed at 65 mC three times with 2i SSC, 0n1 % SDS for 20 min each and twice with 0n2i SSC, 0n1% SDS for 15 min each.
In situ hybridization. Digoxigenin (DIG)-labelled (Boehringer Mannheim) riboprobes were generated by T7 or SP6 transcription. In situ hybridization was performed essentially as described by Bowden et al. (1997) . Briefly, 5 µm sections were de-waxed in xylene, rehydrated through graded ethanol solutions, treated with 100 µg proteinase K for 10 min at 37 mC and acetylated in 0n25 % (v\v) acetic anhydride, 0n1 M triethanolamine. Hybridization was performed overnight at 55 mC with DIG-labelled riboprobes in 50 % formamide, 1i SSC. The stringent wash (0n1i SSC, 30 % formamide, 10 mM Tris-HCl, pH 7n5) was carried out at 58 mC for 30 min. Hybridized probe was detected with alkaline phosphatase-conjugated anti-DIG Fab fragments (Boehringer Mannheim), according to the manufacturer's instructions.
Results and Discussion

HindIII-J is abundantly transcribed during infection of murine B cell lines
In an attempt to identify putative latency-associated MHV-68 genes, transcriptional analysis of the persistently infected S11 cell line was performed. To this end, cytoplasmic RNA was extracted from either S11 cells or lytically infected BHK cells. S11 cells were maintained under 4h-S-EtdU treatment for 8 days to eliminate low-grade lytic infection, in order to simplify the search for genes transcribed during latent infection. BHK cells infected at an m.o.i. of 5 p.f.u. per cell were maintained with or without 4h-S-EtdU and harvested 24 h post-infection (p.i.). Poly(A) + RNA was prepared, reverse-transcribed into radiolabelled cDNA and used to probe replicate Southern blots of an MHV-68 DNA genomic library (Efstathiou et al., 1990 b) . In Fig. 1 , a representative selection of screened restriction fragments is shown. In lytically infected BHK cells, with the exception of the overlapping restriction fragments BamHI-I and EcoRI-F, the majority of the restriction fragments hybrid- ized strongly to the radiolabelled cDNA, indicating active transcription during lytic replication (Fig. 1 a) . In contrast to BHK cells, virus transcription in persistently infected S11 cells was limited to the restriction fragment HindIII-J. No other restriction fragments were positive, including those transcribed abundantly during lytic infection such as BamHI-F, EcoRI-D and HindIII-D (Fig. 1 c) . This pattern of transcription was not due a non-specific effect of 4h-S-EtdU, since this compound did not have the same effect on lytically infected BHK cells (Fig.  1 b) . Overall, 4h-S-EtdU treatment of lytically infected BHK cells resulted in both a decreased level and a restricted pattern of transcription compared with that observed in untreated cells. Although the signal intensity observed in Fig. 1 (a) (cDNA derived from untreated BHK cells) and Fig. 1 (b) (cDNA derived from 4h-S-EtdU-treated BHK cells) appears similar, this is the result of a sevenfold overexposure of the blot depicted in Fig. 1 (b) . This decreased and more restricted pattern of transcription is probably the consequence of a block in DNA replication and restricted expression of virus-encoded late genes.
In order to investigate further the preferential transcription of HindIII-J in cells of B-cell origin, NS0 cells, a B myeloma line in which MHV-68 has been shown to establish a latent infection, were infected (Sunil-Chandra et al., 1993 ; . cDNA, derived from NS0 cells infected at an m.o.i. of 5 and harvested 24 h p.i., hybridized strongly to HindIII-J, with no detectable hybridization to other lytically transcribed restriction fragments (Fig. 2) . cDNA derived from mockinfected NS0 cells did not hybridize to HindIII-J, ruling out the possibility of non-specific cellular cDNA cross-hybridization to HindIII-J. Therefore, as observed for S11 cells, infection of NS0 cells confirmed the preferential transcription of HindIII-J in cells of B-cell origin. 
Preferential transcription within HindIII-J maps to M3
The MHV-68 genome encodes three ORFs within the HindIII-J restriction fragment, designated M3, M4 and ORF4 (Virgin et al., 1997) . In order to map the observed preferential transcription of HindIII-J in S11 cells, a number of MHV-68 ORFs, including those encoded within HindIII-J, were hybridized to radiolabelled cDNAs from lytically infected BHK cells or S11 cells, the latter grown with or without 4h-S-EtdU. Using cDNA derived from lytically infected BHK cells as a probe, no hybridization to ORFs M1, M2, M5, M6, M12 or M13 was observed (Fig. 3 a) . However, a number of ORFs hybridized strongly, including M3, ORF4, M9 and the restriction fragment BamHI-M, which includes sequences from ORF68, ORF69 and M10abc. The pattern of transcription obtained for a radiolabelled cDNA probe derived from S11 cells was clearly limited in comparison to that of lytically infected BHK cells (Fig. 3 b) . This pattern could be further restricted when radiolabelled cDNA derived from S11 cells treated with 4h-SEtdU was used as a probe (Fig. 3 c) . From this experiment, it was apparent that of the three ORFs encoded within HindIII-J, M3 was the ORF abundantly transcribed in both lytically infected BHK cells and persistently infected S11 cells (Fig. 3) . The result obtained for K3 was also significant. Whereas transcription of M3 decreased in S11 cells in comparison to lytically infected BHK cells, though to a lesser extent than other lytically transcribed ORFs such as ORF4, M9 and the restriction fragment BamHI-M, K3 was transcribed at the same level in both lytically infected BHK cells and S11 cells and was not influenced by 4h-S-EtdU treatment. In addition to M3 and K3, low levels of transcription of ORF M8 and the restriction fragment BamHI-M could be detected in 4h-S-EtdU-treated S11 cells. It is worth noting that with this assay transcription could be detected from ORFs 72, 73 and 74 in lytic infection but not in 4h-S-EtdU-treated S11 cells. HHV-8 homologues of these ORFs have been shown to be expressed in Kaposi's sarcoma tissues and HHV-8-associated malignant lymphomas (Cesarman et al., 1996 ; Zhong et al., 1996 ; Staskus et al., 1997) .
Kinetics and pattern of vtRNA transcription
We have recently reported that a series of four tRNA-like molecules, vtRNAs 1-4, encoded by MHV-68 are transcribed abundantly within splenic GCs during latent infection at 21 days p.i. (Bowden et al., 1997) . In this study, these vtRNAs have been used as markers for latent infection and the kinetics and distribution of vtRNA transcription during infection were analysed. The spleens from four to eight mice per time-point were analysed (three sections per mouse, at 50 µm intervals) for vtRNA expression at 3, 5, 7, 10, 21, 37 and 70 days p.i. (Table 1) . vtRNA transcription was first detected at 7 days p.i. in scattered cells around the primary follicles in the periarteriolar lymphoid sheath (PALS) (Fig. 4 a) . At 10 days p.i., vtRNA transcription was widespread and localized not only to cells in the PALS but also to cells within developing GCs (Fig.  4 b) . At 21 days p.i. (Fig. 4 c) , most cells positive for vtRNA transcripts (vtRNA + ) were confined to the GCs, and at 37 and 70 days p.i. (Fig. 4 d) they were exclusively detected within lymphoid follicles. The average number of vtRNA + GCs per set of sections analysed varied between individual mice, but was maximal at 21 days p.i., with meanspSEM of 48n3p10n4 per section, compared with values of 14n5p11n8 at 37 days p.i. At 70 days p.i., only 4 of 7 mice analysed tested positive for vtRNA transcription, with an average of 1 vtRNA + follicle per splenic section (Table 1) .
M3 is transcribed during latent infection in vivo
Transcriptional analysis of the S11 cell line was designed to provide a preliminary survey of putative latency-associated ORFs that would facilitate a more directed investigation of the pattern of latent phase transcription in vivo. To this end, in situ hybridization was performed in tissue sections derived from lungs at 5 days p.i. and latently infected spleens at 10 and 21 days p.i. Probes specific for ORFs M3, K3 and M8, previously identified to be preferentially transcribed in persistently infected S11 cells, and a number of other probes specific for all unique ORFs and cellular gene homologues were used (Table  2 ). All probes, with the exception of a probe to the cyclin-D homologue ORF72, detected widespread and abundant virus transcription in lung tissue at 5 days p.i., in a manner similar to the vtRNAs. Cells positive for ORF72 transcripts were restricted in number and, by histological assessment, had a mononuclear cell morphology (data not shown). In spleen sections, the situation was very different and of all the probes utilized, transcription could only be detected for M3. Our inability to detect transcription of ORFs other than M3 may merely reflect the relative abundance of these RNAs and the relative sensitivity of the in situ hybridization protocol employed. Therefore, at this stage we cannot rule out the possibility that the application of more sensitive detection protocols, such as RT-PCR, will identify additional gene products expressed during the establishment and maintenance of splenic latency. As described for vtRNAs, M3 transcription was further analysed at 3, 5, 7, 10, 21, 37 and 70 days p.i. (Table  1 ). M3 transcription was first detected at 7 days p.i. in scattered cells in the PALS (Fig. 4 e) . However, in contrast to vtRNA transcription, the number of cells involved was far smaller and the cells did not increase in number or show changes in their histological localization at 10 days p.i. (Fig. 4 f ) . Furthermore, M3 + cells were rarely detectable at 21 days p.i. and not at all thereafter (Table 1) . We consider it unlikely that the detection of M3 transcription in spleens represents rare cells undergoing lytic replication, since no transcription could be detected in adjacent sections for any of the other 19 ORFs screened, including lytic replication genes such as M7, a marker for late lytic replication. In addition, a multicopy terminal repeat probe used to detect viral DNA similarly failed to generate any detectable signal (data not shown). M3 was therefore preferentially transcribed in a subset of cells early during the establishment of latency. The fact that M3 was also abundantly transcribed during lytic infection, both in vitro and in vivo, would put it in the same group as the class II genes of HHV-8, which are expressed in the latently infected body cavitybased lymphoma BC-1 cell line and are up-regulated following lytic cycle induction with tetradecanoylphorbol acetate (Sarid et al., 1998) . Like HHV-8 class II genes, M3 was constitutively expressed in the persistently infected S11 cell line. However, the inability to detect M3 transcription during long-term latency within splenic GCs would argue against ORF M3 performing dedicated functions essential for the long-term maintenance of latency in vivo. One exception to the pattern of M3 transcription described above was observed in the spleen of a single mouse at 37 days p.i. Abundant M3 transcription could be detected within a GC, with no detectable transcription of vtRNAs within consecutive sections of the same GC, despite the presence of other adjacent vtRNA + -containing follicles (Fig. 5) . When adjacent sections were probed for M7 transcripts or viral DNA, an in situ signal could be detected only within the M3 + GC and not the vtRNA + follicles. This observation suggests that individual follicles within a latently infected spleen can support virus reactivation from latency and that during this process vtRNA transcription is switched off. Moreover, the fact that the M3 + cells were densely compacted within the GC indicates that virus reactivation is associated with cell proliferation. If this pattern of virus transcription represents virus reactivation it must be a rare event, since it was observed in only one mouse spleen of 37 analysed.
A common feature of T-cell-dependent antigen B-cell responses is the accumulation of antigen-specific proliferating B cells in T-cell areas along the outer zone of the PALS (Liu et al., 1991) . The proliferating B cells either migrate into the follicles to initiate GC formation or undergo plasma-cell differentiation within the outer PALS. The latter peak in size at day 7-8 and then decline, to be barely detectable 14 days after immunization (Jacob et al., 1991) . These extrafollicular antibody-forming cells produce low-affinity antibody, which is important not only as source of early neutralizing antibody but also in the formation of immune complexes that assist antigen presentation (Jacob et al., 1991 ; Nossal, 1992 ; MacLennan, 1994) and possibly GC formation. It is possible that the vtRNA + cells observed in the PALS correspond to B cells destined to migrate into the primary follicle to initiate GC formation, and that M3 + cells correspond to extrafollicular antibody-forming cells that are destined to undergo apoptosis. In this study, we have tried unsuccessfully to determine whether vtRNAs and M3 were co-expressed in the same cells by performing in situ hybridization in alternating spleen sections. Co-expression and the elucidation of the phenotypes of vtRNA + and M3 + cells warrant further investigation. The appearance of large numbers of vtRNA + B cells within GCs indicates that MHV-68 encodes virus functions necessary for maintenance and segregation of viral genomes in a rapidly dividing, latently infected cell pool. Persistence of vtRNA + cells in lymphoid follicles as late as 70 days p.i. may also indicate that the site of MHV-68 persistence is in the memory B cell compartment.
This study is the first report of transcription of an MHV-68 ORF in the spleens of latently infected mice. The significance of this observation is as yet unclear. M3 is predicted to encode a 406 amino acid product with a predicted N-terminal signal sequence which may confer extracellular secretion. It displays significant sequence relatedness, 34 % similarity and 20 % identity, to another novel MHV-68-specific ORF, designated M1, which has sequence similarities to members of the poxvirus serpin family (Bowden et al., 1997 ; Virgin et al., 1997) . Interestingly, poxvirus serpins have been shown to have antiapoptotic functions (McFadden & Barry, 1998) , so it is possible that expression of M3 modulates cell death during the establishment of latency. The construction of a recombinant MHV-68 lacking M3 will help to reveal the role played by this ORF in infection.
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